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Abstract 
We investigated dynamic responses of a steel truss railway bridge under damage and intact (no damage) conditions as the train 
was passing through. The responses were utilized for identifying the damage and establishing acceleration sensor locations. The 
method applied in this study was intended for monitoring the health of the bridge structure under the train loadings. The bridge 
investigated in this study is an old steel truss bridge located in Sidoarjo, East Java, Indonesia. Numerical models of the bridge 
were developed. Then the responses of the bridge in intact and simulated damage conditions were computed under the passing 
train forces. The bridge responses in the investigated conditions were examined and employed for identifying the damages. In 
addition using the first five fundamental modes having frequencies below 6.5 Hz. the locations of sensors optimally mounted on 
the structure were determined. Results of the study were promising. They showed that the methods employed in this study 
enabled to detect the existence of damage took place on the structure and establish the optimal sensor locations. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of The 5th International Conference of Euro Asia Civil Engineering 
Forum (EACEF-5). 
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1. Introduction 
Periodic monitoring of steel railway bridge needs to be conducted to ensure that no damages occur in the structure 
and the bridge is fit in-service condition. As there is damage identified in the structure strategy for repair can be 
determined. Hence damage which leads to catastrophe can be avoided. In the last few decades damage identification 
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method using vibration response of structures has been attracted the attention of researchers. Nevertheless it is a 
challenging duty till today. Vibration based damage identification method utilizes characteristics of vibration of 
structure and its response to identify the existence and detect the location of the damage take place in a structure. 
The method still can be implemented for identifying damage even when there is no easy access for investigator to 
suspected damage locations. Moreover this method can be applied when the structure is in operational condition, 
e.g., there is no need to stop the traffic of a highway bridge to monitor its structural conditions.  
Studies on monitoring of steel bridge structures were reported in [1‒7]. The application of Acoustic Emission 
(AE) technique for monitoring the steel bridge deck was carried out by Pahlavan et al. [1]. The AE technique was 
used for detecting fatigue cracks on a bridge deck model in the laboratory. Implementation of the proposed AE 
technique on a steel highway bridge was also performed. In [2] structural health monitoring methods were applied 
for assessing the condition of steel railway bridges and estimating their remaining life. Model updating, load 
estimation, and damage detection methods were utilized in their study for determining maintenance techniques 
suitable for the type of bridge. Phares et al. [3] developed Structural Health Monitoring System for monitoring steel 
girder bridge. To demonstrate the capability of the developed system, it was applied to monitor secondary road steel 
girder bridge. Recently in [4] a damage detection algorithm was proposed. The algorithm was developed based on 
residual damage detection method; the damage detection algorithm was consisted of three stages, viz., natural 
frequency residuals, nonlinear residuals, and mode shapes residuals. The authors stated that the damage detection 
algorithm was successfully employed to identify damages in an aluminum space frame model tested in the 
laboratory. Reliability analysis of truss bridge responses under changes in temperature was studied and the results 
were reported in [5]. Long term monitoring of a truss bridge data were utilized to investigate the effects of 
temperature on truss member stresses and the structure’s reliability. It was concluded that reliability of the structure 
was affected considerably by responses owing to the temperature. In [6] results of study on the response the steel 
bridge under intact and damage occurred in one location were reported. The bridge responses under intact and 
damage located in one location and three locations in the structure were investigated [7]. In the study spectra of the 
bridge responses were utilized successfully for detecting damage. The bridge dynamic properties of 50 modes was 
computed numerically and 28 first fundamental modes was employed to define optimal sensor locations needed for 
monitoring the bridge under intact and damage conditions. 
In this study dynamic characteristics of steel Railway Bridge located in the city of Sidoarjo. East Java, Indonesia 
was investigated. The railway bridge under investigation is shown in Fig. 1. The steel bridge was modelled 
numerically and its responses under intact (no damage) and simulated damage condition were investigated when the 
train was passing through it. Damage condition in the steel truss bridge was simulated as the cross sectional area at 
vicinity of the connections was reduced. Unlike studies presented in [6,7] in this study time responses of the bridge 
under train loads were employed to assess the bridge conditions (i.e., damage or intact). Moreover using the first five 
modes of the structure the sensor number and locations deployed for monitoring the structure’s healthiness were 
established. The modes were chosen since they were within the range of the dominant frequencies of the steel bridge 
responses as the train was passing through. 
 
Fig. 1. Pictures of the steel railway bridge investigated in this study. 
907 Agung Budipriyanto and Tri Susanto /  Procedia Engineering  125 ( 2015 )  905 – 910 
2. Method 
Steel truss bridge structure will undergo vibration as the train is passing through it. Spectrum of the bridge 
response, ܵሺ݂ሻ can be computed and the autocorrelation function of the response, ܴ௫௫ሺ߬ሻ can be obtained using the 
equation given below, 
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As response spectrum of the bridge changes due to damage occurred in the structure the autocorrelation function 
will also change. Identification of the damage existence can therefore be carried out by examining the amplitude and 
period changes of the time response of the structure, viz., the autocorrelation function. 
Locations of sensors needed to monitor the steel bridge were determined using dynamic characteristics of the 
structure by algorithm proposed in [8]. The sensor locations can be defined by computing matrix given below,  
T
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where Ȱ௦ is mode shape at the sensor location, ܶ and െͳ are transpose and inverse matrix respectively. Diagonal 
elements of matrix E, ܧ௜௜  can be written as 
i
T
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ߩ௜ denotes a column vector of ith row of the Ȱ௦ and λ is the eigenvalue of Fisher information matrix. The value of ܧ௜௜  
ranges from 0.0 to 1.0. ܧ௜௜  having value of 0.0 means that the targeted mode shapes cannot be monitored from the 
corresponding sensor location while the value of 1.0 means that the targeted mode shapes can be identified from the 
sensor location [8].  
In this study response spectra of the steel railway bridge under intact and simulated damage conditions when the 
train was passing through were numerically computed employing CSI Bridge software package. Data regarding the 
bridge e.g., as-built drawings, steel material properties, type and location of damages usually encountered for the 
bridge were obtained from PT. Kereta Api Indonesia (The Indonesian Railways Co). In the analysis, the following 
data were used: (a) the train load was the CC201 locomotive type along with passenger train cars, (b) the train speed 
was 70 km/hour, (c) the steel material was Fe-510C with yield stress of 355 MPa, and tensile strength of 490 MPa, 
and (d) the damping ratio was assumed to be 2%. 
There were 7 (seven) damage scenarios investigated in this study. Fig. 2 shows the locations of damage. The 
damage locations investigated in this study were the locations where damage is frequently found in the field 
observation. Dynamic responses of the structure under damage scenarios #1 to #6 were investigated to examine the 
effect of damage located at a single location to the response whereas damage scenario #7 was intended to investigate 
the response under damages at multiple locations. The damage in this study was simulated by 10% reduction of the 
cross sectional area of the steel truss bottom member. The reduction was only 0.50 m at the vicinity of the joint, viz. 
the 0.25m to the right and 0.25m to left of the truss bottom member joint centerline. Using Eq. (1) the spectrum was 
converted to the time domain to obtain time response or autocorrelation function of the steel bridge. The time 
response of the bridge in the time domain was utilized to discriminate the structure’s conditions, viz. intact or 
damaged. In addition to the steel bridge’s response spectra, the mode shapes of the bridge were also computed using 
the software package to obtain the sensor locations suitable for monitoring damage(s) occurred in the steel structure 
using the method described above. The effect of modes included in the analysis to optimal sensor locations deployed 
on the structure was also investigated. 
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(a) damage scenario #1 (b) damage scenario #2 (c) damage scenario #3 
  
 
(d) damage scenario #4 (e) damage scenario #5 (f) damage scenario #6 
 
(g) damage scenario #7 
Fig. 2. Damage scenarios and location of damage investigated in this study. 
(a) Response at the steel truss joint no 95. The joint is  marked with  (b) Response at the steel truss joint no. 141. The joint is  marked with  
  
Fig. 3. Responses of the steel bridge at (a) joint no 95, and (b) joint no 141 under intact and damage conditions. intact, 
damage scenario #1,       damage scenario #2,      damage scenario #3,     damage scenario #5,      damage scenario #7 
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Fig. 4. Sensor locations determined utilizing the value of E computed by Eq. (3) using the first 5 (five) modes of the steel bridge 
which frequencies below 6.5 Hz for different scenarios of damage investigated in this study. 
3. Results and Discussion 
Autocorrelation of the railway bridge responses under intact and investigated damage conditions were computed 
using Eq. (1) for different responses at member joints of the steel bridge. Time responses at the steel truss joints no 
95 and 141 are presented in Fig. 3. It is clear that although the frequency did not change significantly the amplitude 
changed appreciably due to the presence of damage. Sensor locations for assessing damage in the steel bridge 
structure were defined using modes below 6.5 Hz where the dominant frequency of the steel bridge response 
existed. In this study the first 5 (five) and the first 20 (twenty) modes were used to define the study the effects of 
number of modes to the sensor locations. By comparing the results of this study and results of study presented in [7] 
where 28 modes were included in the analysis, it was observed that the number of modes effected the sensor 
locations; some identified sensor locations were altered. However, to the authors’ point of view including modes 
higher than the dominant response frequencies might results in unmeasurable responses since the amplitudes of 
vibration would be low at these high frequencies and they might be contaminated with noise. 10 (ten) optimal sensor 
locations computed using the first five fundamental modes were determined. Since several sensor locations 
identified by the algorithm presented above were not the same for the different bridge structure conditions (intact 
and damages), in this study the sensors which could monitor at least four bridge conditions were selected. Fig. 4 
shows the sensor locations for assessing the bridge conditions under intact and damages which locations are shown 
in Fig. 2. 
4. Conclusion 
This paper discusses damage identification of a steel railway bridge and sensor locations for assessing its 
structural condition. There were 7 (seven) damage scenarios investigated. The damage in this study was simulated 
by reduction of cross sectional area of the steel bridge members around their joint. It was observed that the time 
response of the steel bridge was able to distinguish the bridge conditions, i.e., intact and damage conditions. The 
sensor locations for monitoring the bridge was established using fundamental modes having frequencies below 6.5 
Hz; these frequency range was selected since the dominant response frequencies were within the frequency range. 
Results of this study showed that these methods were capable of identifying damage took place in the steel railway 
bridge and defining sensor locations for assessing the structure’s conditions. Despite these promising results of this 
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study further study is still required so that the methods can be implemented for assessing steel railway bridges under 
the train excitation forces. 
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